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Abstract We grew Zea mays in treatments
with different compaction levels: a light bulk density
(LC), 1.30 Mg m'3; a moderate bulk density (MC), 1.45
Mg m3; and a severe bulk density (SC) 1.60 Mg m3.
Each compaction level had treatments with coarse
structure, as found in the field, and with fine structure,
after passing the soil through a 2-mm sieve. All treat-
ments had the same initial matric potential. We grew
eight maize plants in each container for 28 d. At the
end of the experiment, treatments were broken open
and roots were counted. Permeability to air decreased
and soil strength increased with soil compaction. At
every compaction level, the permeability and strength
were higher in the coarse- when compared to the fine-
structured soil. Root densities decreased with increas-
ing soil compaction especially for MC to SC. The
penetration of roots in the most compacted soil was
less inhibited in coarse-structured soil. Top growth was
highest in MC and considerably lower in SC. In LC and
MC, top growth was greater in the fine-structured soil,
whereas in SC it was greater in the coarse-structured
soil. We found an optimum crop response for the MC
treatment when compared to treatments with either
more or less compaction.
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INTRODUCTION

Aggregate size affects soil properties, such
as pore-size distribution, aeration, strength,
root-soil contact and water and nutrient avai-
lability for crops [6,13]. These properties, in
turn, affect the ability of roots to penetrate
the soil. For example, Misra ez al. [19], found

higher penetrometer resistance and lower root
growth within larger aggregates. Donald ez al.
[4], related the type of root to its response to
aggregation. They showed that the main axes
of seminal and nodal roots of maize were
longer and secondary laterals shorter for a
coarser aggregate system.

Root responses to physical conditions
measured within different aggregate sizes
have produced conflicting results. In a re-
view, Braunack and Dexter [3] pointed out
one such apparent conflict and its resolu-
tion. An increase in aggregate size does not
include an overall increase in soil aeration.
They noted that a fine aggregate provided
better intra-aggregate aeration than a coarse
aggregate (greater than about 9 mm). The
cause of this was an anaerobic centre in the
larger aggregate. Increases in aggregate size
increase inter-aggregate aeration but de-
crease intra-aggregate aeration.

In another apparent contradiction, Boone
and Veen [2] found fewer lateral roots with in-
creased penetration resistance. Goss [7] and
Schumacher and Smucker [17], working in
artificial substrates, found increased lateral
branching with increased penetration resist-
ance. Differences in pore and aggregate
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structures may be responsible for this ap-
parent contradiction.

The alteration of soil physical proper-
ties related to structure may depend on the
level of compaction and on the size of the
aggregates. Our objective was to compare the
effect of different levels of compaction of finely
and coarsely aggregated soils on selected soil
physical properties and on the growth of maize.

MATERIALS AND METHODS

We obtained a loamy textured soil (12 %
clay), an Orthic Luvisol, from a field near Lu-
blin, Poland. One treatment, the coarse-struc-
tured treatment, used the disturbed soil as
taken from the field. It had peds that were
approximately 4 to 8 mm in diameter. The
other treatment, the fine-structured treatment,
was produced by pushing the soil through a
2 mm sieve, destroying much of the structure
but retaining small, 2 mm or smaller, struc-
tural units. Four replicates of each treat-
ment were compacted in 8 liter containers
(0.2 m cube) using a hydraulic press. Soils
were compacted lightly, moderately, and se-
verely, to bulk densities of 1.30 Mg m3
(LC); 1.45 Mg m-3 (MC) and 1.60 Mg m3
(SC). These densities correspond to 81, 90
and 99 %. of the reference bulk density as
defined by Hakansson [8].

A 0.10 m deep container of loosely com-
pacted soil was attached to the bottom of
both the fine- and the coarse-structured soil
samples (Fig. 1). We maintained the soil in
this lower container at -35 kPa matric poten-

0.2m Compacted layer
0.02m | Gravel
0.1m Loose soil

to water

Fig. 1. Experimental set-up.

tial using the method of Lipiec er al [14].
The loose soil was separated from the com-
pacted samples by a 20 mm thick layer of
8 mm diameter gravel to avoid water move-
ment between the two. The container was
constructed in this way to allow us to measure
root growth within the compacted zones, to
observe which of the treatments had root pene-
tration through the compacted zone, and to ob-
serve how quickly this occurred, as noted by
water uptake from the bottom layer. It also
simulated root growth through a hard layer
into a subsoil.

The initial soil water content in the top
0.2 m corresponded to field water capacity for
each treatment. No water was added except
for treatment SC where maize plants ex-
hibited symptoms of water stress. For treat-
ment SC, water (150 ml) was added on the
11th and 20th days after planting to avoid
irreversible wilting. Withdrawal of water from
the bottom soil layer was measured using the
negative pressure circulation technique [14].

Containers were placed in a growth
chamber with 14 h daytime temperatures of
25°C and 10 h night-time temperatures of
18 °C for 28 days. Eight seedlings of maize
(Zea mays L. cv KLG 22-10) were grown in
each container.

We compacted a duplicate set of four re-
plicates of each treatment. These duplicates
were used to measurement soil strength, air per-
meability and oxygen diffusion rate (ODR).
The duplicate samples had the same initial
water contents as those used for maize growth.
We measured soil strength with an INSTRON
Machine using a 30° cone-shaped steel tip.
The cone tip had a maximum diameter of
3.83 mm and a height of 3.1 mm. The cone-
tip penetrated the sample to a depth of 0.1 m.
Recorded values for the strengths of treat-
ments were averages of measurements taken
between 0.02 and 0.10 m depths. Core sam-
ples of 100 cm3 volume, 5 cm diameter were
taken from the bottom of the duplicate con-
tainers for measurements of air permeability.
These measurements were made with an air-
flow meter (Instrument Co., Wadowice, Poland).
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The same cores were used to find the soil
water characteristic curve. The characteristic
curve was determined using the pressure
cell apparatus and was used as the basis for
the calculation of the pore-size distribution
[11]. ODR measurements were made by the
platinum electrode method [18] in the re-
maining undisturbed part of the bottom side
of the 0.2 m deep containers. Leaf water dif-
fusion was measured using an automatic po-
rometer Mk 3 (Eijlkamp, The Netherlands).

Statistical analysis was performed using
a split plot treatment design with levels of
compaction as main plots and structure as
splits. For these analyses, we used the ANOVA
procedure of SAS [16].

RESULTS

Soil Physical Responses

Porosity

For the coarse aggregated treatment,
total porosity decreased from 51.6 % for
bulk density LC to 32.6 % for bulk density
SC. For the fine aggregated treatments, it
decreased from 48.9 % for bulk density LC
to 31.0 % for bulk density SC. Most of the
decrease was caused by the significant re-
duction of pores greater than 30 um diameter
(Table 1). This effect was even more pro-
nounced in pores greater than 100 xm and
was greater for the fine than the coarse
structured treatment.

Porosity of the coarse-structured treat-
ments was larger than the fine-structured
treatment for pore sizes greater than 30 um,
less for the pores 6 to 30 um, and the same for
pores less than 6 um. The percentage of pores
smaller than 6 um slightly increased with
compaction from LC to MC and decreased
slightly with further compaction both in coarse-
and fine-structured treatments.

We had a limited view through the clear
plastic front of the soil containers. The pore
sizes that we could see were larger (up to
6 mm) for LC and MC than for SC (few
pores up to 1 mm).

Air permeability and penetration resistance

Air permeability and penetration resist-
ance were significantly influenced by level
of compaction and by aggregation (Table 2).
As expected, penetration resistance increased
and air permeability decreased with increas-
ing level of compaction. For all levels of com-
paction, air permeability and penetration
resistance were higher in coarse- than in the
fine-structured soil. The higher penetration
resistance combined with the higher air per-
meability of the coarse structured samples
imply that the larger aggregates were more
compacted than the smaller aggregates with
larger interaggregate spaces. This was par-
tially verified by the fact that the coarse-
structured treatments were also higher in
porosity (Table 1). Higher penetration re-
sistances within the larger aggregates have
been shown by others [19].

ODR

Oxygen diffusion rates for all three levels of
compaction were greater for the coarse- than
for the fine-structured soil (Table 2). How-
ever, these differences were not statistically
significant. Oxygen diffusion also decreased
with increasing level of compaction; but was
only significantly higher for treatment LC.

Root responses

Compaction significantly decreased total
root length and altered root distribution
(Table 3). We observed the largest root-
length decrease with increasing soil com-
paction from MC to SC. This decrease was
larger in fine- than coarse-structured soil. Dif-
ferences in root growth between fine- than
coarse-structured soil were not statistically
significant at P<0.05. Increasing compac-
tion resulted in root concentration near
the soil surface. This effect was most pro-
nounced for treatment SC. Here, most of the
roots were in the top 0-5 cm layer. Only a
small fraction of the roots penetrated deeper.

The penetration of roots in treatment
SC was less inhibited in coarse-structured
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Table 1. Pore size distribution as calculated from the water retention curve

Pore size distribution (%)

Compaction level

- bulk density Aggregation
Mgm3) fine coarse Mean!
for pores > 100 um

LC-1.30 14.90a 16.60a 15.70a
MC-1.45 5.54b 8.32b 6.93b
SC-1.60 3.06¢ 5.14c 4.10c

Mean? 7.82b 10.00a

for pores 100 - 30 um

LC-1.30 5.74a 7.05a 6.40a
MC-1.45 5.42a 6.49b 5.96b
SC-1.60 1.45b 2.49¢ 1.97c

Mean 4.20b 5.34a

for pores 30 - 6 um

LC-1.30 5.86b 4.98b 5.42b
MC-1.45 8.86a 9.64a 9.25a
SC-1.60 2.98c 2.48¢ 2.73¢

Mean 5.90a 5.70b

for pores < 6 um

LC-1.30 22.4c 22.9a 22.7b
MC-1.45 25.1a 24.2a 24.6a
SC-1.60 23.5b 22.5a 23.0b

Mean 23.7a 23.2a

for all pores

LC-1.30 48.9a 51.6a 50.2a
MC-1.45 44.9b 48.7a 46.8b
SC-1.60 31.0c 32.6b 31.8¢c

Mean 41.6b 44.3a

1 Means with the same letter in the column are not significantly different at the 5% level by the LSD test; 2 Means
with the same letter in the row are not significantly different at the 5 % level by the LSD test.

soil although penetration resistance was
higher (Tables 2 and 3). This implies the
presence of pores larger than growing roots
that allowed the roots to bypass the zones
of high mechanical impedance. Ehlers er al.
[5], Boone et al. [1], and Hatano et al. [10]
reported similar observations.

Plant growth and water uptake

Plant height

Figure 2 shows growth as characterized
by plant height and water extraction from
the 20 to 30 cm layer. Throughout the experi-

ment, treatment MC had the tallest plants.
For treatment LC, plants were slightly shor-
ter than for MC. For SC, plant height was
considerably shorter. This difference was
more pronounced in fine- than coarse-struc-
tured soil. Mean plant heights for the fine-
structured soils (47.9 cm, at 28 days after
planting) were only marginally higher than
for the coarse-structured soils (45.7 cm).

Plant water use

Water use from the 20 to 30 cm layer
started earlier in LC because roots, as viewed
through the clear plastic front of the soil
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Table 2. Soil and plant characteristics

Compaction level - bulk density (Mg m'3)

Characteristics
LC-1.30 MC-1.45 SC-1.60 Mean!

Penetration resistance (MPa)
fine structure 0.650 1.60 4.08 2.11b
coarse structure 0.965 2.14 4.68 2.60a
Mean 0.807c 1.88b 4.38a

Air permeability (10 8m?pals 1)
fine structure 40.5 324 4.48 25.8b
coarse structure 583 45.1 6.42 36.6a
Mean 49.4a 38.8a 5.45b

Oxygen diffusion rate (ug m'zs'l)
fine structure 67.8 442 325 48.2a
coarse structure 70.2 475 37.2 51.7a
Mean 69.0a 45.9b 34.9b

Stomatal resistance (s cm'l)
fine structure 15.4 153 271 19.3a
coarse structure 16.2 14.3 26.3 18.9a
Mean 15.8b 14.8b 26.7a

Leaf area of 8 plants (cmz)
fine structure ' 656 719 219 531a
coarse structure 615 673 239 509a
Mean 636b 696a 229c

Dry weight of 8 plants (g)
fine structure 2.38 2.62 1.28 2.09a
coarseg structure 1.94 2.03 1.35 1.77b
Mean 2.16b 2.32a 1.32¢

1 Means with the same letter in the column are not significantly different at the 10% level by the LSD

test;

2 Means with the same letter in the row are not significantly different at the 5% level by the LSD test;

3 Means with the same letter in the row are not significantly different at the 10% level by the LSD test.

containers, grew there sooner than for treat-
ment MC. Because it started earlier, water
use for treatment LC from this layer was
greater than MC over the entire growing
period (Fig.2). Mean water use from this
layer for the coarse-structured soil (2.08 1)
was 75 % of that for the fine-structured soil
(2.79 1). No water was taken from the 20 to
30 cm layer for treatment SC, because its
roots did not grow into that layer. Maize
grown in treatment SC wilted, had higher
stomatal resistance (Table 2), and had to be
watered to keep it alive.

Between days 18 and 28, water use from
the 20 to 30 cm deep layer per unit of plant
height growth was significantly greater for
fine (24.7 g cm™) than for the coarse (16.7 g cm'1)
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Fig. 2. Cumulative water use from the lower layer as shown

in Fig. 1 (A and B) and plant heights (C and D) as a function

of days after planting for both fine and coarse textured soils.

Compaction level - bulk density (Mg m-3): —LC-1.30;

---MC-145;—-SC -1.60.
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Table 3. Root length density

Compaction level - Structure Root length density (m m'3)
b;‘&‘:;’{%‘)ty Depth (cm)!

0-5 5-10 10-15 15-20 20-30 Mean
LC-1.30 f 0.368 0.331 0.234 0.125 0.116 0.228a

¢ 0.344 0.306 0.220 0.121 0.110
MC -1.45 f 0.381 0.288 0.246 0.092 0.089 0.221a

¢ 0.374 0.338 0.227 0.095 0.081
SC-1.60 f 0.370 0.012 0.000 0.000 0.000 0.079b

c 0.365 0.029 0.011 0.000 0.000

Mean - 0.367a 0.217b 0.156¢c 0.072d 0.066d

1 Means with the same letter within a row or column are not significantly different at the 5% level by the LSD test.

texture. There was no difference between
treatments LC and MC. Treatment SC did
not take water from this layer.

We measured stomatal resistance on
19th day after planting (Table 2). It was lo-
west for treatment MC, although only signi-
ficantly lower than treatment SC.

Plant growth

Table 2 shows some plant characteristics
for the three compaction levels and for both
types of structure. Leaf area and plant dry
weight were highest in MC irrespective of soil
structure. These characteristics decreased for
LC and markedly decreased for SC.

In LC and MC, leaf area and plant dry
weight were higher in the fine- and lower in
the coarse-structured soil (Table 2). In SC
they were higher in coarse-structured soil.

DISCUSSION

Treatment MC displayed an optimum
crop response to soil compaction for leaf
area and plant dry weight. Plant height for
treatment MC was also higher than for
treatments LC and SC. There was no indica-
tion of mechanical impedance or low aera-
tion for either treatments LC or MC. Some
investigators [9,14] attribute less growth in
lower bulk density treatments to lower un-
saturated hydraulic conductivity and less
water flow to the roots. This was partially
verified here by our pore size distribution
(Table 1). Treatment MC had a significantly
higher pore volume for pore sizes 30 um.
Higher water flow to the roots for moderate

levels of compaction was also partially veri-
fied by the stomatal resistance data. Treat-
ment MC had the lowest stomatal resistance
although it was only statistically significantly
lower than treatment SC.

Root-soil contact can also help explain
an optimum crop-soil compaction response
[20]. Kooistra et al. [12], using thin sections,
showed that the root-soil contact was 60 %
in a loose sandy loam of bulk density 1.08
Mg m3, It increased to 72 % for a bulk den-
sity of 1.32 Mg m3 and 87 % for a bulk den-
sity of 1.50 Mg m-3. However, an increased
root-soil contact area does not necessarily
mean increased water uptake. Although
slow, water transfer can take place through
the vapour phase [9].

The poor growth of maize in treatment
SC can be related to its small root length
density (Table 3) caused by excessive me-
chanical impedance and, consequently, less
available water. This was verified by the
wilting that we observed, by the lack of root
growth into the 20 to 30 cm deep layer, and
by the high value of stomatal resistance
(Table 2). Poor root growth for treatment
SC could also be a result of oxygen deficiency.
ODR values were 34.9 ug m2 s’ for treat-
ment SC, a value reported to be limiting for
root growth of most plants [6].

The effect of fine or coarse structure on
crop response was dependent on the level of
soil compaction. In treatments LC and MC,
crop growth was better in fine-structured
soil while in treatment SC gzowth was better
in coarse-structured soil. Donald er al [4],
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and Logsdon et al. [15], reported similar re-
sults for loose soil. A result similar to treat-
ment SC was noted in a moderately compacted
clay soil with high penetration resistance (2 to
2.5 MPa). The pores larger than the roots in
a coarse-structured treatment resulted in
deeper, faster root growth and greater water
use from a deeper layer [13]. In treatment
SC, crop growth was dramatically reduced
both in coarse- and fine-structured soil. A few
large inter-aggregate pores in the coarse-
structured soil allowed some roots to grow
deeper (Table 3). But this did not signifi-
cantly affect top growth (Table 2).

CONCLUSION

This study showed an interrelationship
among level of compaction, aggregation, and
plant root and shoot growth. The moderately
compacted treatment had the greatest leaf
area, plant dry weight, and water use. It also
had a slightly lower root length density than
the least compacted treatment. We obtained
the best crop response with the medium-
compacted, fine-structured soil. The worst
was with the most compacted, fine-struc-
tured soil. In low- and medium-compacted
soils, plant growth and water use were
greater in fine-structured soil. In a severely
compacted soil, plant growth was greater in
the coarse-structured soil. This research
and the early findings [13] on a clay soil sug-
gest that there are considerable differences
in crop responses to soil structure and com-
paction based on soil type.

REFERENCES

1. Bocne F. R., De Smet L.A.H., Van Loon C.D.: The
effect of ploughpan in marine loam soils on potato
growth. 1. Physical properties and rooting patterns.
Potato Res., 28, 295-314, 1985.

2. Boone E R, Veen BW: The influence of mechanical resist-
ance and phosphate supply on morphology and function of
maize roots. Neth. J. Agric. Sci., 30,179-192, 1982,

3. Braunack M. V, Dexter A. R.: Soil aggregation in the
seedbed: a review. 1. Properties of aggregates and beds
of aggregates. Soil Tillage Res., 14, 259-279, 1989.

4. Donald R. G., Kay B. I, Miller M.: The effect of soil
aggregate size on earty shoot and root growth of maize
(Zea mays L.). Plant Soil, 103, 251-259, 1987.

5.

10.

11.

13.

14.

15.

16.

17

18.

19.

Ehlers W, Kopke U., Hesse F, Bohm W.: Penetration
resistance and root growth of oats in tilled and un-
tilled loess soil. Soil Tillage Res., 3, 261-275, 1983.

. Gliiski J, Lipiec J. (eds.): Soil Physical Conditions

and Plant Roots. CRC Press, Boca Raton, FL, 1990.

. Goss M. J.: Effect of mechanical impedance on

root growth in barley (Hordeum vulgare L.). I. Ef-
fects on the elongation and branching of seminal
roots axes. J. Exp. Bot., 28, 96-111, 1977.

. Hakansson I.: A method for characterizing the

state of soil compactness for the plough layer. Soil
Tillage Res., 16, 105-120, 1990.

. Hasegawa S., Sato T.: Soil water movement in the

vicinity of soybean roots determined by root plane
experiment. Trans. Jpn. Soc. Irrig. Drain. Reclam.
Eng., 117,17-24,1985.

Hatano R., Iwanaga K., Okajima H., Sakuma T.:
Relationship between the distribution of soil mac-
ropores and root elongation. Soil Sci. Plant Nutr.,
34, 535-546, 1988.

Klute A.(ed.): Methods of Soil Analysis, Part 1
Physical and Mineralogical Methods. ASA-SSSA
Inc., Madison, Wisconsin, USA, 1986.

. Kooistra M. J, Schoonderbeek I, Boone E R., Veen

B. W, Van Noordwijk, M.: Root-soil contact of maize
as measured by a thin section technique. II. Effects of
soil compaction. Plant Soil, 139, 119-129, 1992.

Lipiec J., Busscher W.: Root growth in compacted
soils with fine and coarse structural units. In: Root
Ecology and its Practical Application (Eds L. Kut-
schera, et al.). 3 ISRR Symp., Wien, Univ. Bodenkul-
tur, 1991 Verein fiir Wurzelforschung, A-9020
Klagenfurt, 129-132, 1992,

Lipiec J, Kubota T, Iwama H., Hirose J.: Measure-
ment of plant water use under controlled soil moisture
conditions by the negative pressure water circulation
technique. Soil Sci. Plant Nutr., 34, 417428, 1988.
Logsdon S. D, Parker J. C., Reneau R. B. Jr.: Root
growth as influenced by aggregate size. Plant Soil,
99, 267-275,1987.

SAS Institute: SAS/STAT Users Guide, Version 6,
Fourth Edition, SAS Institute, Inc., Cary, NC, 1990.
Schumacher T. E., Smucker A. J. M.: Mechanical
impedance effects on oxygen uptake and porosity
of drybean roots. Agron. J., 73, 51-55, 1981.
Malicki M., Walczak R.: A gauge of the redox poten-
tial and the oxygen diffusion rate in the soil with an
automatic regulation of cathode potential. Zesz.
Probl. Post. Nauk Roln., 220, 447-451, 1983.

Misra R. K., Alston A. M., Dexter, A. R.: Root
growth and phosphorus uptake in relation to the
size and strength of soil aggregates. 1. Experimental
studies. Soil Tillage Res., 11, 103-116, 1988.

. Veen B. W,, Van Noordwijk M. , De Willigen P,

Boone F. R., Kooistra M. J.: Root-soil contact of
maize, as measured by thin-section technique. III.
Effects on shoot growth, nitrate and water uptake
efficiency. Plant Soil, 139, 131-138, 1992.






